 A SPME-GC/QTOF method was developed and optimised for analysing bread crust aroma.
Introduction
The aroma of bread crust is one of the first attributes sensed when entering a bakery shop. It has been characterised by volatile compounds from Maillard reactions, caramelisation and thermal degradation (Pico, Bernal, & Gómez, 2015) , although there can be volatile compounds from lipid oxidation in smaller proportions (Moskowitz, Bin, Elias, & Peterson, 2012) . 2-Acetyl-1-pyrroline, generated by Maillard reactions, has been considered the key volatile compound of wheat flour bread crust. Other important volatile compounds include 3-methylbutanal, 2,3-butanedione and 4-hydroxy-2,5-dimethyl-3(2H)-furanone, also from Maillard reactions, along with 2-(E)-nonenal and 2,4-(E,E)-decadienal from lipid oxidation (Zehentbauer & Grosch, 1998 ).
In the case of gluten-free bread, the sensory quality is barely acceptable, almost notably the texture and the aroma (Pacyński, Wojtasiak, & Mildner-Szkudlarz, 2015) . Quality parameters such as nutritional value, rheology of the dough, texture, volume and colour have been widely studied in gluten-free bread (Houben, Höchstötter, & Becker, 2012; Masure, Fierens, & Delcour, 2016) . However, there is little knowledge regarding the aroma of gluten-free bread crusts. To our knowledge, only Pacyński et al. (2015) have studied the volatile compounds of gluten-free bread crusts with amino acid -sugar pairs added with the aim of promoting the generation of Maillard compounds and improving the aroma of the crust.
Therefore, the analysis of volatile compounds of bread crust becomes essential in order to improve bread quality, above all of gluten-free bread crusts. In the last decade, solid phase microextraction (SPME) combined with GC/MS has been preferred because it is a quick, simple and solvent-free technique (Thompson-Witrick et al., 2015) . Moreover, it only requires a minimal amount of sample, which is important in the case of glutenfree breads that present a poor crust. Focusing on SPME-GC/MS volatile compounds analyses, most researchers have studied the crumb and crust together (Paraskevopoulou, Chrysanthou, & Koutidou, 2012; Plessas et al., 2008 Plessas et al., , 2011 Poinot et al., 2007 Poinot et al., , 2008a .
The study of the volatile compounds from the crust separately from the crumb is very important in order to understand its volatile profile. To our knowledge, only Raffo et al. (2015) and Pacyński et al. (2015) have studied the volatile compounds of bread crust by SPME-GC/MS, the latter examining gluten-free bread crust. On the other hand, understanding the performance characteristics of the analytical methodology is crucial in order to achieve reliable results, but this information has only been reported for SPME-GC/MS analyses of bread by Raffo et al. (2015) . They studied the repeatability, intermediate precision, linearity as well as LOD and LOQ for volatile compounds analyses in wheat bread crust. However, to the best of our knowledge, the accuracy has not been studied for any SPME-GC/MS methodology; verifying the accuracy is very important for interpreting the quantifications made from these methodologies, since it expresses the closeness of the experimental result to the accepted value (AOAC guideline, 2002) . Finally, the optimisation of the methodology before its validation is also imperative so as to ensure that the maximum amount of analyte is extracted, but any optimisation was carried out by Raffo et al. (2015) for the analysis of the volatile compounds of the crust by SPME-GC/QTOF. Moreover, as far as we know, the use of statistical tools such as the Response Surface Method (RSM) has not been reported for the optimisation of SPME methodologies for bread volatile compounds analyses.
Therefore, the first aim of this study was to optimise and validate a SPME-GC/quadrupole-time-of-flight (QTOF) methodology for the semi-quantification (lower limits of detection, since it works in splitless mode) and quantification (higher limits of detection, since it works in split mode) of 44 volatile compounds in bread crust, employing a commercial bread crust sample for this purpose. The quantification of the commercial sample was made using the Method of Standard Addition (MSA). It must be noted that this is the first time that a SPME methodology has been optimised through the use of Design of Experiments (DOE) in the analysis of volatile compounds in bread, specifically with Principal Component Analysis (PCA) followed by RSM. The second goal was to quantify volatile compounds through the MSA of teff, basmati rice, japonica rice and wheat starch bread crusts for the selection of the most suitable glutenfree flour or starch for the improvement of the final aroma of gluten-free bread crust, using wheat bread as a control sample. The choice of the quantified gluten-free bread crusts was made using the semi-quantification method as screening process of oat, quinoa, teff, basmati rice, japonica rice and corn and wheat starch.
Materials and methods

Materials, reagents and standards
For the analytical characterisation of the method, 2-acetyl-1-pyrroline (2-ACPY) was purchased from Eptes (Vevey, Switzerland) and the other 43 pure standards found in Table S1 were purchased from Sigma-Aldrich (Steinheim, Germany). Dichloromethane was obtained from Scharlab (Barcelona, Spain) and methanol was from VWR International (Fontenay-sous-Bois, France). Argon, nitrogen and helium were acquired from Carburos Metálicos (Barcelona, Spain).
Preparation of standard solutions
2-ACPY solutions were prepared in dichloromethane, as 2-ACPY dimerises in methanol and water. It was necessary to work under inert atmosphere of argon at all times due to the compound's lack of stability to oxygen and moisture. For this reason, dichloromethane was dried in a SDS PS-MD-5 purification system from Düperthal Sicherheitstechnik (Karlstein am Main, Germany). For the other 43 volatile compounds included in Table 1 , working solutions of each volatile compound were prepared in methanol. All the solutions were stored in a freezer at -20°C.
Sample employed for the development of the SPME-GC/QTOF method
The development and characterisation of the methodology were carried out with the crust of wheat bread purchased from Forvasa (Puçol, Spain). The label indicated that the ingredients were wheat flour, water, salt, yeast and flour improver (wheat flour, anticaking agent (E-170), emulsifier (E-472e), antioxidant (E-300) and enzymes).
Loaves of bread were cut into slices of 5 cm width, including the ends. The crust was scratched with a knife, taking care not to remove pieces of crumb. Once all the crust was removed, it was frozen with liquid nitrogen and finally it was grounded in an Ika grinder model M20 (Staufen, Germany) for 10 seconds.
The following ingredients, as g/100g of flour or starch, were used in all the formulas: sunflower oil (6 g/100 g), sucrose (5 g/100 g), salt (1.8 g/100g), yeast (3 g/100 g), HPMC (2 g/100 g) and water (100 g/100 g). They were mixed using a Kitchen-Aid Professional mixer (KPM5, KitchenAid, St. Joseph, Michigan, USA) for 8 min at speed of 56 rpm. The fermentation was carried out for 90 min in a chamber at 30°C with 90% of relative humidity, reaching average specific volumes between 1.91 ml/g and 6.89 ml/g (data not shown). The doughs were baked, in rows of two, at 190°C for 40 min in a convection oven model Salva 5 grid (Guipuzcoa, Spain). After baking, the gluten-free breads were left at room temperature for 30 min and cut as described in sub-section 2.3.
Each sample was prepared in duplicate (n=2).
Solid-phase microextraction
Four fibres were tested, including polydimethysiloxane / divinylbenzene (PDMS/DVB) (65 µm), carboxen / polydimethysiloxane (CAR/PDMS) (85 µm), divinylbenzene / carboxen / polydimethysiloxane (DVB/CAR/PDMS) (50/30 µm) and polyacrylate (85 µm), all of them from Sigma Aldrich (Gillingham, UK). The selected fibre was DVB/CAR/PDMS and an autosampler was employed for the extraction of the volatile compounds. An amount of 0.75 g (± 0.0050 g) of wheat bread crust was weighed into a 20 mL vial and sealed with a magnetic screw cap provided with PTFE/silicone septa.
The sample was incubated in the oven for 5 min at 60°C (without the fibre) and then the volatile compounds were extracted in the same oven for 51 min at 60°C, without agitation. After that, the fibre was inserted into the GC injector port for thermal desorption for 5 min at 270°C, with an injection volume of 1 µL. Finally, the fibre was conditioned for 30 min at 270°C after each analysis.
GC/QTOF chromatographic conditions
GC/QTOF analyses were performed on a 7890A gas chromatograph coupled to a 7200 Quadrupole-Time of flight (QTOF) mass spectrometer detector and MassHunter B.07.00 software, all from Agilent Technologies (Santa Clara, California, USA). The GC was equipped with a CombiPAL RSI 85 autosampler from CTC Analytics AG (Zwingen, Switzerland). The separation was achieved on a polar Innowax column (100% polyethylene glycol, 30 m × 0.25 mm ID × 0.25 μm) obtained from J&W Scientific (Agilent Technologies, California, USA). The chromatographic conditions were previously optimised by the research group using standard solutions (Pico, del Nozal, Bernal, & Gómez, 2017) . The GC was operated under programmed temperature conditions: from 45°C (1.5 min) to 100°C (0 min) at 7°C/min, then the temperature was increased to 114°C (6.7 min) at 1°C/min, afterwards it was increased to 136°C (0 min) at 2.5°C/min and finally it was increased to 245°C (5 min) at 85°C/min. Total run time was 43 min. The carrier gas was helium at a flow rate of 1.1 mL/min. The injector temperature was 270°C, working in splitless mode for semi-quantitative analyses and in split mode for quantitative analyses. When the sample was spiked in the quantitative analysis using MSA, the most abundant compounds saturated the detector, thus it was compulsory to dilute the sample working in split mode. If the sample was spiked with less concentration, the increase in the signal was not sufficient to achieve good quantification. However, when the sample was not spiked there was no saturation and it was possible to work in splitless mode, increasing the sensitivity. The use of two working modes for different compounds was possible because the same volatile compound was studied in all the samples, which were injected in the same mode. Table S1 were identified by comparison of their retention times and accurate mass spectra (with four decimal places) with standards as well as using their Kovats Index (Table S1 ) and their Mass Spectra Library (NIST MS Search 2.2 & MS Interpreter).
Validation of the SPME-GC/QTOF method
The analytical parameters were evaluated following the AOAC guidelines (2002).
Limits of detection (LODs) and quantification (LOQs)
These parameters were calculated comparing the area of analyte peaks from a spiked crust sample and the area of the noise from a blank (the air of an empty vial) at the same retention time as that of the analyte peaks. Injections were made in quintuplicate (n=5).
LODs were calculated as 3 times the signal to noise ratio (S/N), while LOQs were calculated as 10 times the S/N.
Precision: intra-day repeatability and inter-day repeatability
For intra-day repeatability, crust samples were injected in quintuplicate and the RSD (%) of each compound was calculated (n=5). In terms of inter-day repeatability, crust samples were injected in quintuplicate on three alternate days and RSD (%) was calculated (n=5). Following the AOAC guidelines (2002) 
Application of the SPME-GC/QTOF method to the quantification of the volatile compounds of gluten-free bread crusts
The quantification was made in the same way than for the commercial bread, using the MSA. The volatile compounds of the crusts made with basmati rice, japonica rice and teff flours and wheat starch, as well as wheat flour (control sample), matrix-matched calibration curves were made in the range of 0.150 -9.00 mg Kg -1 for all the volatile compounds except for 2-ACPY, which was from 0.0200 -0.960 mg Kg -1 . The same procedure as that in sub-section 2.6 -2.7 was followed.
Statistical analysis of the data.
The optimisation of the SPME methodology was made using a modification of a Central
Composite Design (CCD) 3 3 (9 experiences), PCA and RSM. The modification of the CCD 3 3 as well as the RSM were computed by the software Statgraphics Centurion version XVII (Statpoint Technologies, Warrenton, Virginia), while PCA was done with the software LatentiX version 2.00 (Latent5, Copenhagen, Denmark), with data standardized prior to the analysis. In order to assess the variation of the volatile compounds among the different gluten-free bread crusts both in the semi-quantitative and quantitative studies, PCA were also conducted, which were the average of each bread crust sample prepared in duplicate and analysed in triplicate (n=6). In the case of the semi-quantitative studies, the peak areas were employed to perform the PCA; while in the case of the quantitative studies, the concentrations in µg Kg -1 were the data employed for the PCA.
Results and discussion
Optimisation of the SPME conditions
Selection of the fibre
Four fibres were tested, including PDMS/DVB, CAR/PDMS, DVB/CAR/PDMS and polyacrylate. The conditions employed for the selection of the fibre were that of the set 1 of Table S2 . All the fibres were cleaned at the temperature indicated by the manufacturer and blanks of air were run after each set of measurements in order to ensure the absence of interferences. Due to its high polarity, polyacrylate was the fibre that detected the fewest number of volatile compounds (Table S1 ) and important compounds like 2,3-butanedione, 1-methylpyrrol, heptanal or 2,3-dimethylpyrazine were not detected. Moreover, the peak areas of the remaining volatile compounds were the lowest of the four fibres. For PDMS/DVB, only 2-octanone was lacking and CAR/PDMS as well as DVB/CAR/PDMS detected the 44 volatile compounds.
CAR/PDMS yielded the highest peak areas for the volatile compounds of low and medium molecular weights, such as hexanal, 1-methylpyrrol, acetoin, acetic acid, benzaldehyde or 2-methylbutanoic acid. Meanwhile, PDMS/DVB primarily showed the highest peak areas for the volatile compounds of high molecular weight, such as benzaldehyde, 2-(E)-nonenal, phenylacetaldehyde, benzyl alcohol or phenylethyl alcohol. DVB/CAR/PDMS presented the highest peak areas for 2,3-butanedione, 2-ethylpyrazine, 2-acetylpyrazine, 1-octen-3-ol and hexanoic acid and it yielded intermediate peak areas between PDMS/DVB and CAR/PDMS for the rest of the volatile compounds. Therefore, DVB/CAR/PDMS was selected as the best option for detection of volatiles compounds in gluten-free bread crusts.
Selection of the weight, extraction time and extraction temperature
In order to optimise the weight of sample, the extraction temperature and the extraction time, a modification of the Central Composite Design (CCD 3 ) was carried out (Table   S2 ). The starting point of the design was the optimum (set 1, Table S2 ) obtained from a Central Composite Design (CCD 3 ) with three central points for the optimisation of a SPME-GC/QTOF methodology for the analysis of volatile compounds in flours and starches (Pico, Tapia, Bernal, & Gómez, 2017) , since the moisture content of the flours and starches was not expected to be much higher than that of the crust (the moisture of our bread crusts ranged between 7.07% and 11.74%, data not shown). Nine combinations or sets of values of weight, extraction time and extraction temperature higher and lower than the optimum were used for experimentation (Table S2 ). The maximum value of weight (0.75 g) was selected in order to avoid the saturation of the detector, and the minimum (0.25 g) was selected due to the great losses of signal with lower weights. The maximum value of temperature (70 °C) was chosen so as to avoid the development of Maillard reactions, but with lower temperatures (50 °C) the signal decreased a lot. Finally, the minimum value of time (30 min) was selected due to the great losses of signal at lower times and the maximum time (75 min) because at higher times there was not visible increase of the signal.
PCA was employed in order to reduce the dimensionality of the original data (Ribeiro, Teófilo, Augusto, & Ferreira, 2010) . Two principal components (PC1 and PC2) were sufficient to explain 86.2 % of the variance of the original variables. The RSM was then applied to the values of the two principal components of each volatile compound in the 9 experiments, as shown in Table S2 . The optimum values of weight, extraction temperature and extraction time were 0.750 g, 60°C and 51 min, respectively. The "overall desirability function" (D), which estimates the suitability of the optimum for all the volatile compounds at once (Bezerra, Santelli, Oliveira, Villar, & Escaleira, 2008) , was 97.7 %.
Validation of the SPME-GC/QTOF method
Limits of detection (LODs) and quantification (LOQs)
For quantitative purposes, the method was performed in split 1:100 mode, as explained in subsection 2. For semi-quantitative purposes, the method was performed in splitless mode, with
LODs ranging between 0.801 µg Kg -1 and 4.46 µg Kg -1 (Table 1 ). The LODs were much lower because the samples were not diluted.
Precision: intra-day repeatability and inter-day repeatability
Taking results from the quantitative method into consideration, as they allow for drawing better conclusions, the % RSD for intra-day repeatability varied between 0.120% and 7.89%, while values for the inter-day repeatability were between 0.830% and 9.00% (Table 1) . Thus, the quantitative method was deemed sufficiently precise with no need for an internal standard.
Linearity and accuracy
For quantification of the commercial sample, the MSA was applied. Almost all the volatile compounds were verified by the t-test and almost all the R 2 were higher than 0.99 (data not shown), except for acetic acid and furfuryl alcohol. Both acetic acid and furfuryl alcohol presented R 2 values lower than 0.99, probably due to a lack of homogeneity in the blank (crust sample without spiking). The accuracy exhibited % Re between 0.085 and 12.2%, with an average value of 2.47% (Table 1) . Therefore, the method was declared accurate.
Quantification of volatile compounds of commercial wheat bread crust
The results, in µg Kg -1 , of the concentration of the 44 volatile compounds quantified in the commercial bread crust sample are shown in Table 2 . The most abundant compounds, in decreasing order, were furfural, butyrolactone, acetoin, phenylethyl alcohol, phenylacetaldehyde, 3-methyl-1-butanol, pyrazine, 1-hexanol, 2-methyl-1-propanol and 2-acetylpyrrol, with concentrations higher than 1 mg Kg -1 . Furfural has been also reported by Raffo et al. (2015) as the most abundant compound, by far, of the volatile compounds of wheat bread crust analysed by SPME-GC/MS.
Phenylacetaldehyde, phenylethyl alcohol, 3-methyl-1-butanol, 1-hexanol and 2-acetylpyrrol were also reported by Raffo et al. (2015) and Pacyński et al. (2015) , who also analysed the volatile compounds of wheat bread crust as well as gluten-free bread crust by SPME-GC/MS.
3-Methyl-1-butanol has been reported as the main volatile compound in wheat bread crumb generated by fermentation (Birch, Petersen, & Hansen, 2014) , thus its presence in the crust should be due to a migration from the crumb. Phenylethyl alcohol and phenylacetaldehyde are mainly generated in crumb by fermentation, but they can also be generated in the crust by Strecker degradation during Maillard reactions (Birch et al., 2014; Pico et al., 2015) . On the contrary, furfural is mainly generated in the crust by
Maillard reactions (Jensen, Oestdal, Skibsted, Larsen, & Thybo, 2011; Martins, Jongen, & Van Boekel, 2000; Poinot et al., 2008b Poinot et al., , 2010 and caramelisation from 5-
2008), although it can also be generated in the crumb during fermentation and then transferred to the crust (Birch et al., 2014; Pico et al., 2015) . 1-Hexanol is mainly generated in the crumb by lipid oxidation and can be transferred to the crust. However, the hydroperoxides that bring about volatile compounds from lipid oxidation can also be broken in the crust, generating volatile compounds too (Moskowitz et al., 2012; Pico et al., 2015) . Therefore, 2-acetylpyrrol is the only one generated exclusively by Maillard reactions (Poinot et al., 2010) µg Kg -1 and 0.08 µg Kg -1 , respectively, in water. Although they were not the most abundant compounds in our samples, all of these volatile compounds have been quantified in the commercial wheat bread crust of the present study.
Selection of the gluten-free flours or starches in order to quantify the volatile compounds of the corresponding bread crust: semi-quantitative analyses.
The volatile profile of five crusts of breads made with gluten-free flours (basmati rice, japonica rice, oat, teff and quinoa), two crusts of breads made with starches (corn and wheat) and the crust of wheat bread as a control sample, were studied in a semiquantitative way in order to select the most suitable gluten-free flour or starch bread crust to be quantified (Table 3) .
With the aim of reducing the number of volatile compounds of the data matrix and facilitating the interpretation of the results, only those volatile compounds with OTs higher than 1 mg Kg -1 were considered. Then, the PCA was constructed with the 30 volatile compounds reported in Table S3 , in peak areas, as shown in Figure 1 .
Moreover, in order to avoid that the highest areas had more importance in the weight of the PCs, the three first PCs were normalised as a correlation matrix (Table S3) . Then, only those compounds with normalised PCs higher than 0.700 were taken into consideration in this discussion, which were calculated as the PC multiplied by the square root of the corresponding eigenvalue. These volatile compounds were: pyrazine, 2-methylpyrazine, 2,5,-dimethylpyrazine, 2,3,5-trimethylpyrazine, 2-ethyl-3-methylpyrazine, all from the Maillard reaction, and 2-(E)-nonenal, 2,4-(E,E)-decadienal and benzaldehyde, from lipid oxidation.
As an overview of the scores plot of the PCA (Figure 1 ), rice bread crust as well as teff bread crust were the samples with volatile profiles more similar to wheat bread crust. 4-Hydroxy-2,5-dimethyl-3(2H)-furanone, 4-vinylguaiacol, 2-(E)-nonenal and 2,4-(E,E)-decadienal were the volatile compounds that contributed more to the positive PC1 (Table S3) ; they were found in higher proportion in quinoa crust, wheat crust, teff crust and rice crust and in lower proportion in oat crust, basmati crust, corn starch crust and wheat starch crust. On the other hand, the negative PC1 was characterised by the highest contributions of pyrazines, including pyrazine, 2-methylpyrazine, 2,5-dimethylpyrazine, 2,3,5-trimethylpyrazine and 2-ethyl-3-methylpyrazine. Wheat starch crust presented the highest proportions of all of them, being expected that this would lead to a darker crust colour, but it was one of the lightest crusts (data not shown). Pyrazines have been reported as important Maillard compounds in bread crust (Paraskevopoulou, Chrysanthou, & Koutidou, 2012) , that should contribute to its colour (Cho & Peterson, 2010) ; however, wheat flour crust was the darkest crust. This suggested that these pyrazines were not the responsible of the crust colour from compounds of Maillard reactions. Additionally, furan derivatives have been reported to contribute to the colour of the heated food (Hofmann, 1998) . Concretely, furfuryl alcohol has been reported to polymerise in acidic conditions to aliphatic polymers that give a brown colouration to the bread (Okaru & Lachenmeier, 2017) . Wheat flour crust presented the highest abundance of furfuryl alcohol, which can explain it darkest colour.
Moreover, the similarity between wheat starch crust and wheat flour crust, most notably regarding the negative PC2, was related to the high content of pyrazines. Finally, the highest proportion of 2-ACPY was found in oat crust, although it was located opposite to wheat bread and its use was disregarded.
As a consequence, the crusts were distinguished mainly due to their content in pyrazines, 2-ACPY, 2-(E)-nonenal and 2,4-(E,E)-decadienal, as it was explained in subsection 3.3. Therefore, since rice crust and teff crust were located near to wheat crust, they were selected to be quantified. Due to the high content of pyrazines, wheat starch crust was also selected to be quantified and basmati crust was chosen in order to study the effect of other varieties of rice.
Quantification of the volatile compounds of the selected gluten-free bread crusts: improvement of gluten-free bread crust aroma
Forty-two volatile compounds from wheat starch bread crust as well as teff, japonica rice and basmati rice bread crusts were quantified (Table 2) . Wheat bread crust served as a control sample and acetic acid and furfuryl alcohol were excluded from the quantification, since their R 2 values were lower than 0.99 and they did not pass the t-test for linearity.
As for the semi-quantitative analysis, only those volatile compounds with OTs higher than 1 mg Kg -1 were taken into consideration. Then, the PCA was constructed with the volatile compounds labelled in Table S3 from number 1 to 28. The PCA of the concentration of each volatile compound, in µg Kg -1 , is shown in Figure 2 . Regarding the scores plot, basmati bread crust and wheat bread crust were located in the negative PC1 while wheat starch, rice and teff bread crusts were found in the positive PC1. In the negative PC1 of the loadings plot there were only 4 volatile compounds, which meant that both breads presented a less complex volatile profile in the crust. Basmatic crust was characterised by the highest content in 2-(E)-nonenal and limonene while wheat crust was characterised by the highest content in 4-hydroxy-2,5-dimethyl-3(2H)-furanone (similar to the content in wheat starch). The content of 2-(E)-nonenal in wheat crust was the second highest, almost 3 times higher than the third one (teff crust). Thus, the main difference between wheat crust and rice, teff and wheat starch crusts should be found in the content of 2-(E)-nonenal. There are some controversies about the impact of 2-(E)-nonenal on the final aroma of bread, since it has been reported as correlating positively with green notes (Hansen & Hansen, 1996; Salim-ur-Rehman, Paterson, & Piggott, 2006) , but also negatively with fatty notes (Quílez, Ruiz, & Romero, 2006) . In fact, it has been reported as one of the volatile compounds responsible for the staling of bread (Zehentbauer & Grosch, 1998) . Regarding the negative notes generated during the staling of bread, the lower concentration of 2-(E)-nonenal in wheat starch, teff and rice crusts could be considered a positive attribute for gluten-free breads. Finally, although it contributed minimally to the correlation matrix (Table S3) In the positive PC1 of the loadings plot, 1-octen-3-ol, pyrazine, 2-methylpyrazine and 2,3,5-trimethylpyrazine were the volatile compounds in highest abundance; they were common for the rice, wheat starch and teff bread crusts. Moreover, all of them presented correlation values higher than 0.75, thus they contributed to the overall flavour of the crust. 1-Octen-3-ol is a volatile compound from lipid oxidation that has been reported to correlate negatively with the final aroma of bread (Paraskevopoulou et al., 2012) , presenting the highest concentration in the rice bread crust. Although the content of lipids is higher in teff than in rice and wheat starch (USDA Database, 2009), the amount of lipoxygenases is higher in rice (Wongdechsarekul & Kongkiattikajorn, 2010 ) and the concentration of antioxidants, such as flavonoids and vitamin E, is lower in rice (Inglett, Chen, & Liu, 2015) . Then, the oxidation of lipids is encouraged in rice crust, justifying the highest amount of 1-octen-3-ol in rice crust (lower amount of lipids but higher lipoxygenase activity and lower antioxidant action) and in the second place in teff crust (higher amount of lipids but lower lipoxygenase activity and higher antioxidant action).
In fact, rice crust and teff crust presented similar amounts of hexanal and nonanal, volatile compounds of lipid oxidation (Pico et al., 2015) , which explained the balance between the content of lipids and the amount of lipoxygenases and antioxidants. The three pyrazines were in similar concentrations in rice, wheat starch and teff bread crusts, which could be one of the reasons for their separation from basmati and wheat crusts.
2,3,5-Trimethylpyrazine was the most abundant pyrazine overall and, in wheat starch crust, it was in highest concentration. In general, pyrazines have been reported as important Maillard compounds in bread crust (Paraskevopoulou et al., 2012) , contributing greatly to its colour (Cho & Peterson, 2010) . The darkest crust was that of teff, followed by rice and then wheat starch (data not shown), but the concentration of these pyrazines was not very different (see Table 2 ). This suggested, as in the semiquantitative section, that pyrazine, 2-methylpyrazine and 2,3,5-trimethylpyrazine were not responsible for crust colour. The same reasoning could be applied to the highest content of 2,6-dimethylpyrazine in wheat starch crust.
Within the positive PC1, teff crust (negative component of the PC2) was separated from rice and wheat starch crust (positive component of the PC2). Higher contents of heptanal, 2,4-decadienal, 1-methylpyrrol and 2,5-dimethylpyrazine found in rice and wheat starch crusts compared to teff crust could explain this separation; meanwhile, teff was characterised by the highest content in fermentation volatile compounds like acetoin, phenylacetaldehyde and 3-methylbutanoic acid. However, these three fermentation volatile compounds did not show high values of correlation (Table S3) 
Conclusions
A SPME-GC/QTOF methodology for the analyses of 44 volatile compounds in bread crusts has been developed, optimised and validated. The optimisation was accomplished with the application of the Response Surface Method (RSM), with previous reduction of the dimensionality employing Principal Component Analysis (PCA). The final SPME conditions were 0.75 g of crust extracted at 60°C for 51 min. The SPME-GC/QTOF methodology was validated in terms of LOD and LOQ, precision, accuracy and linearity, proving that it was sensible, precise, accurate and linear. The methodology was applied to quantification through the Method of Standard Addition (MSA) of a commercial wheat bread crust. Furfural, which comes from Maillard reactions and caramelisation processes, was the most abundant compound in the commercial wheat flour bread crust, corresponding with the literature. Four selected gluten-free bread crusts (rice, basmati, teff and wheat starch) were also quantified and compared with a wheat bread crust control sample. It was concluded that wheat starch crust as well as teff crust were the closest to the control wheat crust due to their similar contents in 2-acetyl-1-pyrroline (2-ACPY), 4-hydroxy-2,5-dimethyl-3(2H)-furanone and pyrazines, which have been reported as main compounds in wheat bread crust. ), repeatability (%RSD) and accuracy (%Re) of the 44 studied volatile compounds with proposed quantitative method. The LODs of the qualitative method are also given. The numeration given in parentheses of each volatile compound corresponds to the number assigned in the corresponding PCA (Figures 1 and 2) . , of the 44 studied volatile compounds in the crusts of wheat, basmati rice, japonica rice, wheat starch and teff breads as well as in the commercial bread. Values are means of three determinations ± SD. Different letters in the same row show the significant differences, excluding the commercial crust. Table S2 . Optimisation parameters of the proposed SPME method. The matrix of experimentation as well as the principal components (PC1, PC2) and the desirability of the multiple RSM for each experience are given. Fig.1 . PCA of the gluten-free bread crusts and wheat bread crust (control sample) analysed semi-quantitatively by SPME-GC/QTOF (peak areas represented). The scores plot represents the 8 samples and the loadings plot of the 30 volatile compounds selected for presenting low odour thresholds. The numbers corresponding to each volatile compound are indicated in Table S3 . Fig.2 . PCA of the gluten-free bread crusts and wheat bread crust (control sample) analysed quantitatively by SPME-GC/QTOF (concentrations represented in µg Kg -1 ). The scores plot represents the 5 samples and the loadings plot of the 28 volatile compounds quantified. The numbers corresponding to each volatile compound are indicated in Table S3 .
Volatile compound
